ABSTRACT A series of laboratory experiments was conducted using electrical penetration graph, salivary ßange, and honeydew measurement to study the effects of feeding-induced intra-and interspeciÞc interactions on feeding behavior and honeydew excretion between planthoppers Nilaparvata lugens (Stål) and Sogatela furcifera (Horváth). Feeding-induced intra-and interspeciÞc interactions affected many measures of feeding behavior. The number of salivary ßanges, mean duration of pathway activities per insect, and mean duration from Þrst probe to Þrst sustained phloem ingestion for both N. lugens and S. furcifera were signiÞcantly shorter on rice plants with feeding-induced conspeciÞc and heterospeciÞc effects than those for planthoppers fed on control plants. Feedinginduced intra-and interspeciÞc interactions also affected the duration per insect of phloem ingestion for both N. lugens and S. furcifera. The durations per insect of phloem ingestion on host plants with feeding-induced conspeciÞc and heterospeciÞc effects were signiÞcantly longer than those on control plants. An asymmetric facilitative effect of induced interspeciÞc interactions on the weight of honeydew excreted was detected, because only the honeydew weights of S. furcifera were signiÞcantly increased by the induced heterospeciÞc effect on both varieties. The results demonstrated that the facilitative effects on honeydew excretion were consistent with previously documented effects on performance. Both facilitative effects on honeydew excretion and performance were asymmetrical, with more beneÞts to S. furcifera from N. lugens. Such facilitative effects might be mainly related to altered nutrient status and induced allelochemistry in rice.
In the context of traditional community ecology, negative interactions have received the most attention. During the 1960s and 1970s, competition was considered a central organizing force structuring communities of phytophagous insects (Denno and Kaplan 2006) . However, a review on intraspeciÞc densityrelated effects and interspeciÞc interactions in phytophagous insects in the 1990s revealed negative (competitive) effects in intraspeciÞc interactions, but either negative or positive (facilitation) effects in interspeciÞc interactions could be detected in insect herbivores (Damman 1993; Denno et al. 1994 Denno et al. , 1995 . Although negative interactions have received the most attention and 93% of the studies involving sapfeeding herbivores showed competitive effects, there was still clear evidence indicating that positive interactions (i.e., facilitation) were common in terrestrial insects. For example, numerous aphid species either selectively colonize speciÞc feeding sites occupied by other aphid species or shift their feeding site to cooccur with another aphid species. Such Þndings reveal that positive effects between sap-feeding herbivores exist in ecosystems (Ohgushi 2005 , Denno and Kaplan 2006 , Kaplan and Denno 2007 and we should bring ecological theory up to date by including facilitation (Bruno et al. 2003) .
Rice planthoppers, [Nilaparvata lugens (Stål) , BPH], [Sogotalla furcifera (Horváth) , WBPH], and [Laodelphax striatellus (Fallé n), SBPH], have sequentially become destructive insect pests in rice ecosystems in Asia since the 1960s. Although great efforts have been made to reduce rice planthopper problems, there are still simultaneous and frequent outbreaks of the three rice planthoppers in this new century (Catindig et al. 2009 , Cheng 2009 , Bottrell and Schoenly 2012 . Because all three rice planthoppers settle in the low part of rice plants, suck phloem sap, and excrete honeydew onto the plants, interactions among the three rice planthopper species could be important forces to inßuence their population development patterns, as well as community structure.
During the 1970s-1980s, research on interactions of rice planthoppers mainly was focused on intraspeciÞc interactions and results showed that intraspeciÞc crowding generally adversely affected survivorship, development time, longevity, wing form, sex ratio, and fecundity . Since the 1990s, more efforts have been made to study interspeciÞc interactions between rice planthopper species that normally co-occur in the same rice Þelds. Field investigation shows that yield losses are higher when N. lugens and S. furcifera co-occur simultaneously (Tang et al. 1992 , Wang et al. 1998b . There is abundant evidence in the literature showing that heavy feeding by sap-feeding insects induces long-term reductions in plant quality and potentially diminishes performances of other, later-colonizing species (McClure 1980; Denno et al. 1995 Denno et al. , 2000 Olmstead et al. 1997 ). However, studies on direct versus feeding-induced, induced interspeciÞc interactions under low population density indicate that positive effects in interspeciÞc interactions are also seen, and these positive effects can be asymmetrical (Ohgushi 2005, Kaplan and Denno 2007) . For example, improvements for part or all of the components of Þtness, such as shorter development time, higher survival rate, longer longevity of female adults, or higher fecundity are observed (especially for S. furcifera) when N. lugens and S. furcifera coexist, even though the levels of the positive effects were varied in various experiments because of different experimental designs and conditions in all the experiments (Ma and Hu 1996 , Wang et al. 1998a . Interestingly, a recent study proved that a similar phenomenon could be observed in the direct and induced interactions between N. lugens and L. striatellus (Lü et al. 2011 , Wang et al. 2012 . In the meantime, the coexistence of N. lugens and S. furcifera on the same host plants would also affect their vertical distribution, with more S. furcifera moving from the upper parts to the lower parts of host plants . Preliminary study of feedinginduced plant physiological changes indicate the causal mechanisms of rice planthopper interactions are related to induced allelochemistry and nutrition changes, but further research is needed (Cook and Denno 1994 , Chen et al. 2000 , Zhao et al. 2000 , Liu et al. 2002 .
Because speciÞc interactions between insects and host plants are most often mediated by insect feeding, the feeding behavior of insect species is not only related to the insects themselves but also to host plants. Electrical penetration graph (EPG) and honeydew measurement methods have long been used to study feeding behavior and to test suitability or resistance of host plants to many hemipteran insect species (Sogawa 1982; Kimmins 1989; Yu and Wu 1992; Hattori 2003; Shen et al. 2003; Backus 2000; Backus et al. 2005 Backus et al. , 2007 Seo et al. 2009 Seo et al. , 2010 Ghaffar et al. 2011) . In this study, a series of laboratory experiments was designed to examine interactive effects between N. lugens and S. furcifera sharing the same host plants, by measuring their feeding behavior and honeydew weight. The objectives of this study were to describe the relationship of feeding-induced inter-and intraspeciÞc interactions with the feeding behavior and honeydew excretion of N. lugens and S. furcifera, and to explore possible mechanisms for the interspeciÞc facilitation between these two species.
Materials and Methods
Experimental Insects. Laboratory colonies were established by collecting Ϸ50 pairs of adults for each species from paddy Þelds in the university farm, Hangzhou, China in 2010. Insects were reared on rice seedlings of susceptible varieties, ÔXiushui 11Ј for N. lugens and ÔShanyou 63Ј for S. furcifera, in controlled environmental chambers. Insect colonies were maintained in the laboratory for 10 generations before use in the experiment, and newly emerged (2 d after eclosion) macropterous female were used for recording feeding behavior and honeydew excretion.
Host Plants. Two rice varieties were selected for the experiment, a japonica variety Xiushui11 (susceptible to N. lugens, but with medium resistance to S. furcifera) and an indica hybrid variety Shanyou 63 (susceptible to both N. lugens and S. furcifera) (Liu et al. 1998 , Chen et al. 2009 ). To avoid variation in nutrients in the host plants, hydroponic culture was used in the experiment. Seeds were sprouted and sown in plates with nutrient ßuid (Yoshida et al. 1976 ) in controlled environmental chamber under 25 Ϯ 2ЊC and a photoperiod of 14:10 (L:D) h. When the seedlings were Ϸ10 cm in height, the seedlings were transplanted into special culture boxes with the same nutrient ßuid by wrapping each plant with a sponge and inserting it into one of the holes on the cover board of a culture box, for culture under the same conditions. At the tillering stage (Ϸ40 d after sowing), the plants were retransplanted into the hole of a cover board over experimental plastic cups (10 cm in diameter and 12 cm in height) with the same nutrient ßuid, using the same technique mentioned above, one plant for each cup. All the rice plants were cultured without any infestation from planthoppers.
A 3 by 2 by 2 factorial experimental design was used. The Þrst factor was pretest treatment of the host plants with three levels: 1) control plant (without any previous feeding by any planthoppers); 2) fed upon by 10, thirdÐfourth-instar N. lugens nymphs per plant for 4 d before use as N. lugens-fed test plants; and 3) fed upon by 10, thirdÐfourth-instar S. furcifera nymphs per plant for 4 d before use as S. furcifera-fed test plants. In the case of pretest levels 2 and 3, above, the number of planthoppers per cup was checked daily and insects were added to maintain the same effect. The second factor was test planthopper species used for EPG and honeydew measurement, and the third factor was variety of rice. When combined, there were 12 treatments in total. Both induced intraspeciÞc interaction and induced interspeciÞc interaction were compared with the control plants for each combination of planthopper species and host plant variety of the experiment. Each treatment, for both EPG and honeydew analysis, was replicated 25 times.
Salivary Flange Quantification. Before insertion of their stylets, planthoppers will secrete a small amount of gelling saliva while pressing the labial tip onto the plant epidermis. After the salivary deposit hardens on the epidermis it is called a salivary ßange. The plants were infested at the bottom of host (within 8 cm above water with a cover) by 10 thirdÐfourth-instar nymphs of the N. lugens or S. furcifera for 4 d before the experiment. All nymphs were removed by the end of the 4 d. Then, newly emerged macropterous females were released on the plants, one insect per plant, and kept at the plant above 8 cm from water for 6 h, to avoid overlap of the salivary ßanges. The sheaths of plants then were cut and immersed into 0.1% crystal violet for 10 Ð15 min, and the numbers of ßanges were counted under a stereo microscope (Motic K Series, Motic China Group Co. Ltd., Xiamen, China). Each experiment was replicated 25 times and the average number of the salivary ßanges per insect for each treatment was calculated.
EPG Recording of Feeding. The direct currentÐ EPG system (Wageningen Agricultural University, Wageningen, The Netherlands) and relevant methods were used to determine the feeding behavior of N. lugens and S. furcifera on various host plants. We used a Giga-8 EPG ampliÞer with a 10 9 -⍀ input resistance and an input bias current Ͻ1 pA. A randomized incomplete block design was used. All the 12 treatments for each replicate were randomly arranged and six treatments were chosen per day for recording feeding behavior. First, the experimental rice plants were prepared as the treatment of the host plants. The newly emerged macropterous females of N. lugens or S. furcifera were anesthetized brießy one by one using CO 2 gas before the experiments. One end of a gold wire (20 m in diameter and 3 cm in length) was attached to the dorsal thorax of the planthopper with water-soluble silver conductive glue (Wageningen Agricultural University, Wageningen, Netherlands) and the other end of the wire was connected to the EPG headstage ampliÞer. A copper wire (2 mm in diameter and 10 cm in length) was inserted into the nutrient ßuid of the plastic cup planted with one host plant seedling treated to act as the plant electrode. Several minutes later, the revived and healthy, wired planthoppers were carefully put on the stem of the rice seedlings, one female for each plant. The gain of the ampliÞer was set at 50ϫ and the plant voltage was adjusted to achieve an output voltage between Ϫ and ϩ5 V. All the EPG tests were conducted in a Faraday cage for 6 h at 25 Ϯ 2ЊC and 80 Ϯ 10% RH under continuous light conditions. The signals recorded were analyzed using the PROBE V. 3.4 software (Wageningen Agricultural University, Wageningen, the Netherlands).
The output signals from EPG recordings were classiÞed into seven typical waveforms associated with the stylet penetration behavior of rice planthopper. The major waveforms for planthopper feeding behavior were identiÞed according to distinctive appearance based on the relative voltage level, amplitude, shape, and frequency of the signals (Seo et al. 2009 ); the EPG waveforms of N. lugens and S. furcifera are similar (He et al. 2011) . The waveforms used in this experiment include NP for nonpenetration, N1 ϩ N2 ϩ N3 for pathway duration (including penetration initiation, salivation, stylet movement, and extracellular activity near the phloem), N4-a for intracellular activity in the phloem, N4-b for phloem sap ingestion (duration of phloem phase), and N5 for stylet in the xylem tissue (Fig. 1 ). The durations of each sequential waveform event for each insect were measured and average waveform duration per insect (WDI) (in minutes) for each waveform was calculated for each treatment (Backus et al. 2007 ). Another variable used in this experiment was the duration from the beginning of Þrst probe to Þrst sustained phloem ingestion, which was the time (in minutes per insect) from the earliest stylet probing to the earliest sustained ingestion after the planthopper was released on the plant.
Honeydew Measurement. This experiment was conducted in a controlled environmental chamber. One newly emerged macropterous female was released on each plant, wrapped with a special ParaÞlm bag (Pechiney Plastic Packaging Company, Chicago, IL) and kept for 24 h. The ParaÞlm bags were weighed before and after feeding using a Sartorius BS balance (Goettingen, Germany) 124S (d ϭ 0.1 mg) and the weights of the collected honeydew in the ParaÞlm bags were calculated and transformed to mg/d . The honeydew weight for each insect was recorded and average weight (milligrams per insect) was calculated for each treatment.
Data Analysis. A conventional three-way analysis of variance (ANOVA) with insect species (N. lugens and S. furcifera), rice variety (Xiushui 11 and Shanyou 63), and pretest treatment of the host plants (control, N. lugens-infested, and S. furcifera-infested) were used, followed by least signiÞcant difference (LSD) for multiple pairwise comparisons among factors at P Ͻ 0.05. The DPS statistical analysis software (Tang and Zhang 2012) was used in the experiment.
Results
Effects of Treatments on Salivary Flanges. The numbers of salivary ßanges of N. lugens and S. furcifera on various treatments (Fig. 2) indicated that induced intra-and interspeciÞc interactions signiÞcantly reduced the numbers of salivary ßanges for both N. lugens-and S. furcifera-fed test plants compared with control plants (F ϭ 21.46; df ϭ 2,288; P Ͻ 0.0001). The numbers of salivary ßanges were also signiÞcantly different between the two test planthopper species within each pretest treatment (F ϭ 122.40; df ϭ 1,288; P Ͻ 0.0001). Numbers of salivary ßanges from test planthopper species signiÞcantly interacted with both rice variety (F ϭ 4.87; df ϭ 1,288; P ϭ 0.0281) and pretest treatment of host plants (F ϭ 3.53; df ϭ 2,288; P ϭ 0.0306). The numbers of salivary ßanges from test S. furcifera were signiÞcantly more than that of test N. lugens on the same variety. However, there were no signiÞcant differences between the pretest insect treatments within each test planthopper species; therefore, there were no induced intra-or interspeciÞc interactions (deÞned in Fig. 2 ) for each combination of planthopper species and variety.
Effects of Treatments on EPG Recordings. Average durations per insect for the Þve waveforms (WDI) related to feeding behavior on various treatments are shown in Fig. 3 . Results for all waveforms are described below, starting with ANOVA results followed, when signiÞcant, with differences among treatments from the LSD tests.
Nonpenetration. The WDIs for nonpenetration (NP) were not signiÞcantly different between the test planthopper species (F ϭ 0.03; df ϭ 1,288; P ϭ 0.86), between rice varieties (F ϭ 0.40; df ϭ 1,288; P ϭ 0.53), and among pretest treatments of host plants (F ϭ 0.51; df ϭ 2,288; P ϭ 0.60) (Fig. 3A ). There were also no signiÞcant differences among three pretest treatments of host plants for each combination of test planthopper species and rice variety).
Pathway (N1 ؉ N2 ؉ N3). The WDIs for pathway phase were signiÞcantly different between the test planthopper species (F ϭ 27.30; df ϭ 1,288; P Ͻ 0.0001) and among pretest treatments of host plant (F ϭ 17.90; df ϭ 2,288; P Ͻ 0.0001), but not between rice varieties (F ϭ 0.88; df ϭ 1,288; P ϭ 0.35) (Fig. 3B ). There were no interactive effects among the three experimental factors. The WDIs of pathway for test feeding by N. lugens were signiÞcantly shorter than that for test feeding by S. furcifera. In addition, the WDIs for pathway on control plants were signiÞcantly longer than those on both N. lugens-fed and S. furcifera-fed test plants. The results from the LSD test showed that the WDIs for pathway phase for both test N. lugens and S. furcifera on plants with two pretest treatments were signiÞcantly shorter than those on relevant control plants for both rice varieties. However, there were no signiÞcant differences in WDIs of pathway between host plants pretest fed by N. lugens and S. furcifera for each combination of test planthopper species and variety (Fig. 3B) .
The correlation analysis showed that the numbers of salivary ßanges were signiÞcantly correlated with the WDIs for pathway (R 2 ϭ 0.7855, P Ͻ 0.01). Putative Phloem Salivation (N4-a). The WDIs for N4-a were signiÞcantly different among pretest treatments of host plant (F ϭ 5.70; df ϭ 2,288; P Ͻ 0.01), between the test planthopper species (F ϭ 119.38; df ϭ 1,288; P Ͻ 0.0001), but not between rice varieties (F ϭ 3.54; df ϭ 1,288; P ϭ 0.06) (Fig. 3C) . However, there were no statistical interactive effects among the three factors. The WDIs for putative phloem salivation of test N. lugens were signiÞcantly longer than that of S. furcifera. The WDIs for phloem salivation for two test planthopper species fed on Xiushui 11 were signiÞcantly shorter than those on Shanyou 63.
In addition, the results from the LSD test showed that the WDIs for phloem salivation for pretest feeding by N. lugens and S. furcifera on each combination of test planthopper species and rice variety were not signiÞcantly different among the three pretest treatments (Fig. 3C) .
Phloem Ingestion (N4-b). The WDIs for phloem ingestion were signiÞcantly different among the pretest treatments of host plant (F ϭ 15.76; df ϭ 2,288; P Ͻ 0.0001) and between test rice varieties (F ϭ 4.67; df ϭ 1,288; P ϭ 0.03), but not between the test planthopper species (F ϭ 0.004; df ϭ 1,288; P ϭ 0.95) (Fig. 3D ). There were no any interactive effects among the three factors. The WDIs for N4-b for the two planthopper species fed on Xiushui 11 were signiÞcantly longer than those on Shanyou 63 (F ϭ 4.67; df ϭ 1,288; P ϭ 0.03).
The results from the LSD test showed that the WDIs for phloem ingestion of both test N. lugens and S. furcifera on plants of both varieties prefed by N. lugens or S. furcifera were signiÞcantly longer than those on relevant control plants. However, there were no signiÞcant differences for both test N. lugens and S. furcifera between host plants pretest fed by N. lugens and S. furcifera for each combination of planthopper species and variety.
Putative Xylem Ingestion (N5). The WDIs for N5 were signiÞcantly different between the rice varieties (F ϭ 6.80; df ϭ 1,288; P Ͻ 0.01) and between test planthopper species (F ϭ 5.48; df ϭ 1,288; P Ͻ 0.05), but not among pretest treatments (F ϭ 0.30; df ϭ 2,288; P ϭ 0.74) (Fig. 3E ). There were no interactive effects among the three factors. The WDIs of N5 for test S. furcifera were signiÞcantly longer than that for test N. lugens. The WDIs for N5 of the two test planthopper species fed on Shanyou 63 were signiÞcantly longer than those on Xiushui 11.
The results from the LSD test showed that there were no signiÞcant differences among the three pretest treatments for all combinations of test planthopper species and rice variety (Fig. 3E) .
Duration From First Probe to First Sustained Phloem Ingestion (N4-b > 10 min).
Mean duration from Þrst probe to Þrst sustained phloem ingestion (N4-b Ͼ 10 min) per insect was signiÞcantly different between rice varieties (F ϭ 18.51; df ϭ 1,288; P Ͻ 0.0001) and among pretest treatments (F ϭ 34.59; df ϭ 2,288; P Ͻ 0.0001), but not between test planthopper species (F ϭ 0.37; df ϭ 1,288; P ϭ 0.55). The durations for test planthopper species signiÞcantly interacted with rice variety (F ϭ 3.93; df ϭ 1,288; P Ͻ 0.05).
The results from the LSD test showed that the times to Þrst sustained phloem ingestion for both test N. lugens and S. furcifera on both varieties prefed by N. lugens or S. furcifera were signiÞcantly shorter than those on control plants. There were no signiÞcant differences for N. lugens between host plants pretest fed by N. lugens and S. furcifera for the two test varieties, but not for S. furcifera. The time to Þrst sustained phloem ingestion for S. furcifera on Xiushui 11 pretest fed by N. lugens was signiÞcantly shorter than that pretest fed by S. furcifera, which revealed that effects from N. lugens pretest feeding could also result in reduction of the time to Þrst sustained phloem ingestion for S. furcifera (Table 1) .
Effects of Treatments on Honeydew Weight. The weights of honeydew produced by test N. lugens and S. furcifera on the various treatments are shown in Fig.  4 . Honeydew weight was signiÞcantly different between test planthopper species (F ϭ 12.47; df ϭ 1,288; P Ͻ 0.001) and among the pretest treatments of host plant (F ϭ 8.26; df ϭ 2,288; P Ͻ 0.001), but not between rice varieties (F ϭ 0.08; df ϭ 1,288; P ϭ 0.77). Although the pretest treatment of host plants was signiÞcantly interacted with test planthopper species (F ϭ 5.02; df ϭ 2,288; P Ͻ 0.01), only the honeydew weight of S. furcifera was signiÞcantly related to the pretest feeding effects by N. lugens on both varieties. The honeydew weights of test S. furcifera that fed on the host plant pretest fed by N. lugens were signiÞcantly higher than those fed on the control plant and the plant pretest fed by S. furcifera, on both rice varieties (Fig. 4) .
Summary of Results. Taken together, the effects of pretest treatment of host plant combined with test planthopper species and host plant varieties were used to achieve three possible interactive effects for each Means (Ϯ1SEM) with different letters within the same pretest planthopper species and the same rice variety are statistically different (ANOVA followed by LSD test, P Ͻ 0.05).
Fig. 4.
Effects of induced intra-and interspeciÞc interaction on honeydew weights of N. lugens and S. furcifera on Shanyou 63 and Xiushui 11. Means (Ϯ1SEM) with different letters within the same species and the same variety are statistically different (ANOVA followed by LSD test, P Ͻ 0.05). combination of test planthopper species and host plant variety: 1) induced intraspeciÞc interaction, e.g., the plant previously infested (pretest) with the same species as the test planthopper species (feeding-induced conspeciÞc effect); 2) induced interspeciÞc interaction, e.g., the plant previously infested (pretest) with a planthopper species different from the test species (feeding-induced heterospeciÞc effect); and 3) control, e.g., healthy rice plant without any previous infestation.
The results from this experiment indicated that the number of salivary ßanges, durations of pathway (N1 ϩ N2 ϩ N3), and phloem ingestion (N4-b) were signiÞcantly different among the three pretest treatments of host plants, for each combination of test planthopper species and variety. However, there were no signiÞcant difference between the two pretest treatments (i.e., induced conspeciÞc and heterospeciÞc interaction within each combination of test planthopper species and rice variety). This Þnding revealed that the above three portions feeding behavior for both N. lugens and S. furcifera were affected by both feeding-induced con-and heterospeciÞc effects; however, the factor of pretest treatments did not interact with test planthopper species and rice variety.
In the meantime, the duration from Þrst probe to Þrst sustained phloem ingestion and honeydew weights were signiÞcantly different among the pretest treatments, whereas the factor of pretest treatment interacted with rice variety and test planthopper species. For example, the honeydew weight of S. furcifera fed on host plants previously fed upon by N. lugens was signiÞcantly higher than those of the other two pretest treatments for each variety. This revealed that honeydew weight was only affected by feeding-induced heterospeciÞc effect for S. furcifera. The duration from Þrst probe to Þrst sustained phloem ingestion of S. furcifera fed on Xiushui 11 with interhetero speciÞc effect was signiÞcantly shorter than that on the same variety with inter-con speciÞc effect.
The WDIs for N4-a and N5 were not signiÞcantly different among the three pretest treatments for each combination of planthopper species and rice variety. However, the WDIs of N4-a for S. furcifera were signiÞcantly shorter than that for N. lugens, the WDIs of N5 for S. furcifera were signiÞcantly longer than that for N. lugens, and the WDIs of N5 for test planthopper species fed on Shanyou 63 were signiÞcantly longer than those on Xiushui 11. These results revealed that the WDIs for putative phloem salivation and xylem ingestion were related to planthopper species, rice variety, as well as interaction between planthopper species and variety, but not the feeding-induced conand heterospeciÞc effects. However, the WDIs for NP were not affected by any experimental factors.
Discussion
Ohgushi (2005) reviewed the herbivore-induced effects through trait changes in plants and stated that herbivores could beneÞt each other through plantmediated induced effects at low population levels. Kaplan and Denno (2007) revisited the interspeciÞc interactions in phytophagous insects and reported that evidence for interspeciÞc herbivore interactions was detected in 73% (243 out of 333) of all interactions in their dataset. However, the majority of observations (62%, 205 out of 333 interactions) were competition, whereas only fewer cases provided evidence for facilitation (11%, 38 out of 333). Because the interactions between phytophagous insects are mediated frequently through feeding-induced changes, it is important to study the relationship between intraspeciÞc and interspeciÞc effects of interacting species, from the insect and host plant interactions. In general, insect and host plant interaction can be separated into three stages: host Þnding, feeding, and development. In this experiment, the feeding process was divided into four major phases, namely plant surface exploration, stylet penetration and probing, plant ßuid ingestion, and honeydew excretion (Sogawa 1982, Cook and .
Previous studies have shown that interspeciÞc interaction between N. lugens and S. furcifera could affect host Þnding and development of the planthoppers. For example, compared with feeding on healthy TN1, N. lugens or S. furcifera prefer to select host plants lightly fed upon by heterospecies, but avoid selecting those heavily fed upon by conspecies or by heterospecies. This choice is thought to be caused by induced allelochemistry changes (Liu et al. 2002) . In the meantime, interspeciÞc interactions could induce asymmetrical positive effects on the rice planthopper species, with more positive effects to S. furcifera or L. striatellus from N. lugens-infested plants when N. lugens and S. furcifera or N. lugens and L. striatellus coexist at low planthopper densities (Ma and Hu 1996 , Lü et al. 2011 , Wang et al. 2012 ). Therefore, this study examined induced intra-and interspeciÞc effects on feeding and honeydew excretion of N. lugens and S. furcifera, to reconÞrm the facilitative effects between N. lugens and S. furcifera and explore the possible mechanism related to feeding behavior.
Upon arrival on a host plant, planthoppers explore the surface by labial tapping to identify appropriate stylet probing sites and secrete a small amount of gelling saliva to make a tight connection (the salivary ßange) between the stylets and host plant for stylet insertion. After locating a suitable site, the planthoppers insert their stylets into the plant surface. Sogawa (1982) divided the process of stylet probing into two distinct behavioral steps: test and exploratory probing. Test probing is induced spontaneously after labial contact with the plant epidermis, wherein the stylets are thrusted shallowly only into the peripheral parenchyma.
When they are on less acceptable host plants, planthoppers will change their probing sites more frequently and produce more salivary ßanges than when on preferred host plants (Sogawa 1982 , Cook and Denno 1994 , Boopathi and Bharathi 2008 . The results from this experiment showed that there were significantly fewer salivary ßanges for both N. lugens and S. furcifera on the host plants with feeding-induced conspeciÞc or heterospeciÞc effects than on control host plants. It revealed that the feeding-induced conspeciÞc and heterospeciÞc effects at a certain population density level could facilitate plant surface exploration and test probing of N. lugens and S. furcifera. Such facilitation might result from a change of plant chemicals (probing stimulants), not mechanical characteristics of plant tissues, because the previous feeding was separated at different part of the host plants by the experimental design.
Because planthoppers are vascular feeders, they will not stop stylet probing until they reach the phloem, even if this requires multiple probes. Results from our experiment showed that pathway durations per insect of N. lugens and S. furcifera on the host plants with feeding-induced conspeciÞc or heterospeciÞc effects were signiÞcantly shorter than those on control host plants. The signiÞcant correlation between the numbers of salivary ßanges and pathway durations for all the treatments further conÞrmed that the changes of both number of salivary ßanges and pathway duration were related to surface exploration and test probing, respectively.
Previous studies have demonstrated that host plant chemicals can dramatically inßuence plant surface exploration and stylet probing. A variety of probing stimulants isolated from rice have been identiÞed. These include eight C-glucosylßavonoids, salicylic acid, orizatin, and homoinetin (Sogawa 1982, Cook and . Test probing is switched over to exploratory probing if probing stimuli are received at the testing stage. But exploratory probing does not usually proceed directly from test probing if the test probe reveals that the medium contains no probing stimulant. The results herein might support that the probing process of planthoppers will stop at the test probing stage on less acceptable host plants, and that feeding-induced effects were related to the changes of various probing stimulants.
Exploratory probing will be not interrupted until the stylets encounter vascular bundles. Then planthoppers secrete their saliva into the phloem sieve element to prepare for sustained ingestion (Sogawa 1982 , Seo et al. 2009 ). Sustained ingestion is under the control of a set of gustatory stimuli that are different from the probing stimulants. At certain concentrations, nutrients, especially sucrose and certain amino acids, could stimulate ingestion. However, the decarboxylated derivatives of aromatic amino acids and some organic acids could deter or inhibit ingestion effects (Sogawa 1982, Cook and . There are also some chemicals showing antifeedant activities in phloem, such as apigenin-C-glycosides and schaftosides (Grayer et al. 1994 , Stevenson et al. 1996 . In general, adult female planthoppers spend most of their time ingesting on their host plants, with repeated sustained ingestion lasting 1Ð7 h (Sogawa 1982) .
The results from our experiment showed that the durations of phloem ingestion (especially sustained phloem ingestion) by both N. lugens and S. furcifera on the host plants with feeding-induced conspeciÞc or heterospeciÞc effects were signiÞcantly longer than that on control host plants, during the 6-h recording period. In general, planthoppers spent longer time in sustained ingestion if they spent less time test-probing within a Þxed time period. Therefore, the 6-h recordings of EPG waveforms and the salivary ßanges might not be able to give a whole picture of feeding behavior. However, these experiments did reßect the general picture of acceptability and suitability of the host plants to particular planthopper species.
During sustained ingestion, planthoppers will continuously excrete honeydew; and the amount of honeydew excreted is dependent on the experimental conditions and the quality of food plants (Sogawa 1982) . Our results also showed that the total honeydew amount excreted by N. lugens after test feeding on control host plants was not signiÞcantly different from that on plants with pretest feeding-induced conspeciÞc or heterospeciÞc effects, under the experimental density level. However, the opposite result occurred with S. furcifera. SigniÞcantly more honeydew was excreted by S. furcifera fed on plants with pretest feeding-induced heterospeciÞc effects than those on the control host plants, as well as host plants with feeding-induced conspeciÞc effects. This difference between N. lugens and S. furcifera is likely because of the difference of changed chemicals resulted from the feeding-induced con-and heterospeciÞc effects in host plants for the two planthopper species (Zeng et al. 1992 , Zhao et al. 2000 .
Our results strongly suggest that herbivores develop relevant strategies to adapt to metabolic changes that result from insect feeding on host plants. Rice planthoppers may use the chemicals produced by the host plants induced by low levels of N. lugens and S. furcifera as probing or ingestion stimulants to enhance further feeding behaviors. This hypothesis is consistent with results from quantitative assessments of amino acids in these rice plants. For example, past studies have found that concentrations of ingestion stimulants both S. furcifera-and N. lugens-infested Xiushui 11 plants were signiÞcantly higher than those in control plants. Also the concentrations of these stimulants in N. lugens-infested rice plants were the highest among the three host plant treatments compared with those infested with S. furcifera (Sogawa 1982 , Zhao et al. 2000 . Zeng et al. (1992) studied the relationship between honeydew excretion and amino acids, and reported that the amounts of honeydew excreted were positively related to concentrations of asparagine, valine, leucine, serine and phenylalanine. Changes in ingestion inhibitors and other relevant chemicals were not tested in the current study. Thus, physiological mechanisms for the impacts of the feeding-induced intra-and interspeciÞc interactions identiÞed here need to be further explored.
The effects of feeding-induced interaction between N. lugens and S. furcifera on their feeding behavior from this experiment call into question the reliability of past EPG experiments that tested plant resistance level to one particular planthopper species. Although EPG is the best and most rigorous means of studying planthopper feeding, making possible the in-depth Þndings in this paper, it is only as good as the exper-imental design allows. Because S. furcifera and N. lugens often coexist in rice paddy simultaneously, results from testing only one species on a healthy rice seedling by EPG might not represent its real performance in a paddy Þeld. More EPG studies in the future should use plants previously infested with planthoppers.
The feeding-induced experiment between salt marsh-inhabiting planthoppers (Prokelisia dolus [Wilson] and Prokelisia marginata [Van Duzea]), using the Spartina plants fed upon by 40 planthoppers for one generation (from the Þrst-instar nymphs to adults) as prior-feeding host plants, proved to be one of the examples of delayed plant-mediated intraspeciÞc and interspeciÞc competition for both of the two sapfeeding insects (Denno et al. 2000) . However, feeding-induced host plants used in our experiment were infested more lightly with fewer insects and shorter infestation period. Feeding-induced effects probably did not cause serious reduction in nutrients for our congeneric planthoppers. This is because our previous feeding-induced intra-and interspeciÞc interaction experiment between N. lugens and S. furcifera did not show any adverse effects on the components of Þtness between populations feeding on control plants and plants with induced conspeciÞc effects for both N. lugens and S. furcifera. However, our previous studies did show asymmetric facilitative effects for populations with induced heterospeciÞc effects, with more beneÞts for S. furcifera from N. lugens . Therefore, unlike with interspeciÞc competition, herbivores did beneÞt each other through plantmediated induced effects at low population densities of herbivorous insects (Ohgushi 2005) .
Belonging to the same Hemipteran family (Delphacidae), N. lugens and S. furcifera usually occur in rice paddies simultaneously, and both species feed on sheaths of rice plants. The classical competition theory predicts that these two species cannot occupy the same niche and coexist; thus, their coexistence can be achieved only through divergence in resource use (Denno et al. 1995) . Therefore density-related intraand interspeciÞc competition for the two species received more attention , Ma and Hu 1996 , Wang et al. 1998a , Zhou et al. 2000 . Field investigation suggested that N. lugens and S. furcifera had differentiated their temporal, special, and nutritional niches to reduce density-related competition in the evolutionary process (Zhao et al. 1991 , Zhou et al. 2000 , Cheng 2009 ). However, our previous studies have shown that N. lugens and S. furcifera could beneÞt each other through plant-mediated induced effects at low population densities, even though the facilitative effects were asymmetrical. The latter supports that short-term induced changes in host-plant nutrition and allelochemistry between N. lugens and S. furcifera could also mediate the interaction between them.
Our previous Þndings also revealed that the selection pressures caused by one species could affect other species, and thus, variation in the community composition could alter the coevolutionary outcomes of interactions (Ohgushi 2005) . Therefore, the net interspeciÞc interactions could be highly dynamic and may alternate in time between competition and facilitation. Accordingly, a variety of facilitative interactions should be incorporated into ecological theory (Awmack and Leather 2002 , Bruno et al. 2003 , Kaplan and Denno 2007 , Økland et al. 2009 ). In the meantime, the secondary volatiles induced by rice planthopper feeding could also mediate the foraging behavior of natural enemies, such as Anagrus sp. and Cyrtorhinus lividipennis (Reuter) Cheng 1996, 2001 ). Therefore, the herbivore-induced effects through trait changes in plants in agricultural ecosystem could include multiple interaction linkages from both bottom-up and top-down approaches, which could be depicted using indirect interaction webs to understand species richness and abundance in arthropod communities (Ohgushi 2005 , Kaplan and Denno 2007 , Utsumi et al. 2010 . Understanding how these direct and induced trophic linkages make up ecological communities in rice ecosystem should be the most important ecological issue for improving rice planthopper management.
